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Abstract 
Non-conventional or advanced machining processes such as electric discharge machining, electrochemical 
machining, abrasive water jet machining and laser beam machining have been widely used as a viable alternate to the 
conventional processes to manufacture high quality engineered parts having certain typical features. In-spite of their 
special features, wider acceptance and use, they suffer from certain inherent limitations as regards to sustainability 
such as high consumption of energy and resources; generation of toxic liquid, gases and solid wastes; risk for health 
and safety; air-pollution; generation of waste and its disposal problems; and workpiece contamination and thermal 
damage to the parts being produced. It is found that these factors all adversely affect the environment to a certain 
extent. Innovative sustainable techniques such as dry, near-dry and green electric discharge machining; green and 
hybrid electrochemical machining; ice-jet machining; and eco-and underwater laser beam machining etc. have been 
developed to address sustainability challenges and greatly benefited with improvements in quality, productivity, and 
sustainability. This review article first introduces four major non-conventional machining processes, discusses their 
inherent sustainability issues and challenges, and presents state of the art review of the work conducted using 
sustainable innovative techniques and strategies with an aim to encourage academics, researchers, and engineers for 
research and developments in order to establish the field further. The literature review offered in this article is based 
on over 80 papers published from 1975 to 2017. Finally, the article ends up with concluding remarks and 
recommending possible avenues to stimulate future research. 
Keywords- Abrasive water jet machining; Electric discharge machining; Electrochemical machining; Energy; 
Environment; Green; Ice-jet; Laser; Sustainability 
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Introduction  
The term ‘Sustainable Production’ is a continuous implementation of an integrated environmental strategy 
that is aimed at increasing the environmental efficiency of the processes, products and services and reducing risks to 
humans and the environment 1,2. It incorporates green manufacturing strategies with an aim “to promote sustainability 
and to reduce the environmental impact by minimizing our dependency on natural resources and driving down 
pollution by intelligently recycling waste or through developing green products”3,4. In the context of sustainable 
manufacturing, it refers to energy and resource efficiency, elimination/reduction of wastage and emissions, 
improvement in personnel health and occupational safety aspects, high productivity, cost reduction and ecological 
improvements. To comply with the strict environmental regulations, the manufacturing companies are required to be 
strictly engaged in the environmental management activities in order to achieve the aforementioned key indicators of 
sustainable production.  
Research-developments and innovations are the major activities involved in the sustainable production 
practices. In the last two-three decades, there have been remarkable attempts made as regards to develop innovative 
green processes as sustainable alternate to the conventional manufacturing methods. Consequently, the manufacturers 
have successfully survived in the market by placing excellent quality products at reasonably low cost and with less 
environmental footprints.  
Machining industry is an important segment of manufacturing sector where subtractive or material removal 
type processes are used to make engineered parts to be used in machines, build automobiles, and to run equipment 
and devices. The processes used in machining industry can be broadly classified into two categories i.e. conventional 
and non-conventional (advanced) processes. Conventional processes have their own importance in machining large 
size work pieces and difficult-to-machine (DTM) materials at low cost and with high productivity. On the other hand, 
non-conventional processes are used to machine intricate shapes, micro-features, and materials especially soft, brittle 
and very hard in nature 5,6. Due to certain limitations of conventional processes, the non-conventional processes have 
been given considerable preference and started exploiting as their viable substitutes. Although sincere efforts have 
also been made to enhance the sustainable production features of conventional processes, but aspects of quality, 
productivity, and sustainability still require research, development, and innovations in the field. 
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Non-conventional or advanced processes are specialized processes and have a proven track record to produce 
quality products of different shapes, size and material. Electric discharge machining (EDM), electrochemical 
machining (ECM), abrasive water jet machining (AWJM), and laser beam machining (LBM) are some of the well-
known advanced processes that are used extensively to fulfill specific machining requirements6. But, these processes 
also adversely affect the environment to a certain extent7,8. Generation of toxic liquid, fumes, gases and solid wastes 
due to the use of hydrocarbon based dielectrics in EDM; problems in flushing of sludge, and toxic and corrosive nature 
of the electrolytes in ECM; high cost of treatment and recycling of abrasives, and high contaminations of abrasives 
on work surface in AWJM; thermal damage and formation of recast layer, emission of harmful particulates and gases, 
and high energy consumption in LBM are the major challenges. Table 1 summarizes the major factors that influence 
sustainability in non-conventional machining, and presents the key-drivers to strengthen three pillars of sustainability.  
Table 1. Sustainability pillars, influencing factors, and key drivers 
Pillars of Sustainability Influencing factors Key Drivers 
 
Environment 
Hazardous waste  
-Use of green lubricants, dielectrics, 
and electrolytes; 
 
-Process optimization; 
 
-Process modification and 
hybridization; 
 
-Minimizing energy and resource 
consumption; 
 
-Waste reduction and efficient 
disposal 
Electromagnetic radiation 
Toxic liquid, fumes, gases, by 
products, and sludge 
Energy and material inefficiency 
 
Economy 
 
 
Energy and resource usage 
Long process chain 
Low productivity 
High cost 
 
Society 
Health 
Safety 
Product price and quality 
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With the objectives of enhancing sustainable production aspects of non-conventional machining processes 
along with improving their capabilities to produce excellent quality engineered parts at rapid rate, some innovative 
techniques have been developed. It majorly includes the development and use of green and hybrid variants of EDM; 
use of sustainable electrolytes and pulsed power conditions in ECM; ice-jet machining as an innovative substitute of 
AWJM; water immersed LBM; and optimization of non-conventional processes for energy and resource efficient 
manufacturing etc.  
Methodology for searching the literature 
This article has been developed based on the content analysis of the published literature (from 1975 to 2017) 
on the sustainable production aspects, mainly, sustainability issues and development of innovative techniques with 
their further use towards sustainable production in non-conventional machining. In other words, the literature review 
is conducted as a content analysis, in which the qualitative and quantitative contexts on non-conventional machining 
are combined together to achieve the structural and content criteria related to the sustainable production.  Five different 
sources are explored: (1) books; (2) notes and theories; (3) conferences; (4) research articles; and (5) literature reviews. 
Fig. 1 shows the categories of the articles referred from various sources. This review is conducted according to the 
definition of Fink (1998) that identifies review as an “efficient, clear, well-organized and reproducible outline for 
recognizing, assessing, and interpreting the current body of recorded reports”9.  
The current article fills the gap where there is no review article available that systematically discusses the 
sustainable production aspects collectively as regards to the major processes (i.e. EDM, ECM, AWJM, and LBM) in 
non-conventional machining domain. Few available review articles summarize the past work towards 
environmentally-friendly EDM10; underwater, under-liquid and water-assisted LBM11,12; and marginally brief the 
sustainability concerns in non-conventional machining13. 
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Fig. 1. Research methodologies employed (Total no. of articles: 80). 
The review paper by Rajurkar et al. (2017) briefly reports sustainability issues in electric discharge machining 
and electrochemical machining13. Generation of large amount of sludge, electrolyte splashing, skin and eye 
contamination are identified as the major sustainability issues in electrochemical machining process. Pulsed-ECM, 
eliminating harmful waste at source, interlocking machining chamber door with the electrolyte supply system, use of 
protective accessories and efficient recycling are the strategies recommended for sustainable production in ECM. 
Whereas, hazardous smoke, vapor and aerosols; decomposed products and heavy metals; and electromagnetic 
radiation etc. are the potential hazard possibilities in EDM. Use of non-toxic dielectrics with high flash and low pour 
points; protective shielding of machine/equipment to avoid electromagnetic radiation; and proper filtering, disposal, 
and exhaust systems have been recommended to achieve sustainability in EDM. Some statistics given on energy 
consumption by various versions of EDM marginally justifies the article contribution to encourage sustainable 
production in non-conventional machining. 
El-Hofy and Youssef (2009) published a review article on environmental hazards of nontraditional 
machining, but the scope is limited to highlighting environmental and health hazards and suggesting protective 
measures for chemical machining, electrochemical machining, electric discharge machining, laser beam machining, 
ultrasonic machining and abrasive water jet machining7. A review article reported by Valaki et al. (2015) presents the 
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environmental aspects and impacts of electric discharge machining process only. Some past studies (on use of green 
dielectrics, dry, near-dry, and wet EDM) and their major findings and/or conclusions are discussed to encourage 
sustainable production practices in EDM10. 
A series of two review articles published by Kruusing (2004) details under water and water-assisted laser 
beam machining, where Part 1 presents their general features, cleaning and shock processing, while Part 2 reports few 
investigations conducted on laser beam machining11,14. The start of the art reported by Behera and Ravi Shankar (2015) 
focuses on under liquid laser beam machining12. It starts with an introduction to this process followed by working 
principle and its mechanism and subsequently review the work conducted on investigating material removal rate 
(MRR), machined geometry, and metallurgical characteristics under liquid LBM. 
The current article aims to facilitate and encourage the research community to work towards achieving 
societal, economic and environmental sustainability utilizing sustainable production practices to establish the filed 
further. The organization of this paper is as follows: Section 1 introduces the background and the context in which the 
literature review has been done. Section 2 introduces various non-conventional machining processes, highlights 
recently developed sustainable innovative techniques and presents state of the art review of the work conducted using 
innovative techniques for sustainable production. Further, Section 3 ends this review by underlining the conclusions 
and future research directions. 
Non-Conventional Machining and Sustainable Production 
This section introduces various important non-conventional machining processes, and discusses inherent 
sustainability issues and corresponding recent innovations made towards addressing those issues along with the past 
work conducted to enhance sustainability. Fig. 2 presents an overview of the innovative techniques developed in 
various non-conventional machining processes for sustainable production. Table 2 summarizes the major research 
conducted on sustainable production in various non-conventional machining processes. 
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Fig. 2. Various innovative techniques in non-conventional machining for sustainable production.  
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Table 2. Summary of the past work on use of innovative techniques for sustainable production in non-conventional machining processes. 
Non-Conventional 
Process 
Sustainable Variant and Details References Researcher (Year) Results and Findings 
 
Electric discharge 
Machining 
(EDM) 
[15-43] 
 
 
 
 
 
 
Dry and Near-Dry EDM 
(Gaseous and mists dielectrics) 
25 Dhakar and Dvivedi 
(2016) 
Negligible tool wear and thin recast layer 
26 Kao et al. (2007) Near-dry EDM obtained better MRR and less debris 
deposition than dry EDM 
27 Tao et al. (2008) High MRR and fine finish in dry and near-dry EDM 
milling respectively 
28 Gholipoor et al. (2014) Improvements in MRR and surface finish in near-dry 
EDM with the assistance of magnetic field 
29 Lin et al. (2016) -Hybrid EDM (dry-EDM combined with ultrasonic 
vibrations and AWJM) performed better than simple 
dry EDM; 
-Oxygen as dielectric generated highest MRR;  
-Argon as dielectric produced highest finish and 
lowest tool wear rate (TWR); 
-Peak current is the most significant factor 
9 
 
30 Shen et al. (2016) High MRR, low roughness, and low TWR milling 
respectively 
 
 
 
 
 
 
Green EDM 
(Water, vegetable oils, bio-diesel 
based dielectrics) 
31 Chen et al. (1999) Stable machining with higher MRR and lower TWR 
during machining of Ti-6Al-4V. 
[Distilled water as dielectric] 
32 Medellin et al. (2009) Highest MRR and lowest TWR 
[Mixture of Tap water (75%) and de-ionized water 
(25%)] 
33 Tang and Du (2014) 
 
-Increase in MRR from 1.28 to 2.38 mm3/min; 
-Decrease in electrode wear rate 0.14 to 0.10 
mm3/min; 
-Decrease in surface roughness from 2.37 to 1.93 µm. 
[Tap water as dielectric] 
35,36 Valaki and Rathod (2016) 
Valaki et al. (2016) 
Vegetable oils are identified as clean, green, and safe 
alternate to the conventional dielectrics 
[Vegetable oil as dielectric] 
37 Ng et al. (2017) Higher MRR and lower TWR compared to EDM with 
conventional dielectrics 
[Biodiesel as dielectric] 
10 
 
38 Karasawa and Kunieda 
(1990) 
High productivity, environment-friendliness and high 
efficiency  
[Commercial water based dielectrics: 
Elbolub-manufactured by Elotherm, Germany, Vitol 
QL-manufactured by Sodick, Japan) and Ionorex 500 
plus] 
Hybrid EDM 
(Hybridization of EDM with 
advanced and conventional 
processes) 
39  -Improved productivity and part quality; 
-Energy and resource efficiency 
 Other attempts in sustainable 
EDM  
40-43 Jose et al. (2010) - Opimization for high sustainability, surface quality 
and productivity 
- Reduction in aerosol particle concentration and 
energy and dielectric consumption 
 
Sivapirakasam et al. 
(2011) 
Garg and Lam (2016) 
Maher et al. (2015) 
 
Electrochemical 
Machining 
(ECM) 
[44-52] 
Pulsed ECM 
 (relaxation period) 
 
44-46 
 
 Effective flushing of sludge and process capability 
improvement 
 
Green ECM 
47 Ryu (2015) Sustainable micro and precision machining at low 
cost is possible. 
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(Green electrolytes) [Anhydrous citric acid as electrolyte] 
48 Guodong et al. (2016) Improved MRR and high surface integrity. 
[Mixture of neutral salt and complexing agents as 
electrolyte] 
49 Yang et al. (2011) Green ECM with high precision and efficiency at low 
cost is possible. 
[Mineral water as electrolyte] 
Hybrid ECM 
(Hybridization of ECM with 
advanced and conventional 
processes) 
51  -High flushing efficiency; 
-Increased MRR; 
-Improved part quality 
 
Abrasive Water Jet 
Machining 
(AWJM) 
[53-67] 
 
 
 
 
Ice jet Machining 
(replacement of abrasives by ice 
particles) 
59 Geskin et al. (1999)  
 
Successful sustainable cleaning and degreasing 
operations on compact discs and printed circuit 
boards. 
60 Shishkin et al. (2002) Successful cleaning and degreasing of electronic and 
delicate parts and substrates 
61 Wilson (2013) Environmentally-friendly cleaning an deburring of 
moulds, tools, and plastic parts 
62 Uhlmann et al. (2014) Precision cutting of carbon fiber-reinforced plastic. 
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63 McGeough (2016) Cutting of biomaterials i.e. food products. 
 
 
 
 
 
 
Sustainable AWJM 
64 Sobotová (2015) Design and development of abrasives recycling 
system 
65 Dong et al. (2014) Development of a system (that can separate dirt and 
fragmentized 
abrasive particles efficiently) for online recycling of 
abrasives  
66 Jagadish et al. (2015) Modelling and optimization for green machining of 
composites by AWJM 
67 Liu et al. (2014) Precision finish obtained by Box-Behnken and 
Desirability technique 
 
Laser beam 
Machining 
(LBM) 
[68-80] 
 
Eco LBM 
(Energy-efficient LBM) 
70 Rodrigues et al. (2014) -Almost 50% lower energy consumption in fiber and 
disk laser than CO2 laser; 
-High productivity and precision through ultra-short 
pulse laser. 
-Recommendation of high laser power and pulse 
frequency for energy efficiency 
-Optimization to increase energy efficiency 
71 Apostolos et al. (2012) 
 75 Alahmari et al. (2016) 
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Underwater LBM 
(LBM under still and flowing 
water) 
76 Darwish et al. (2016) Successful fabrication of micro-channels in nickel-
based super alloys by static film underwater LBM. 
77 Wuttisarn et al. (2016) Significant reduction in heat affected zone and 
increment in cavity depth during underwater laser 
micro-milling. 
78 Tangwarodomnukun 
(2017) 
Damage-free and net-shape manufacturing of Ti 
alloys products by overflow assisted LBM. 
79 Mullick et al. (2013) 
 
-Development of waterjet assisted underwater LBM 
-Stable process with less turbulence and gas bubbles 
80 Yan et al. (2011) -Smooth and crack-free machining of alumina by CO2 
laser underwater LBM 
-Optimal water layer thickness 3-4 mm for high 
MRR. 
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Electric discharge Machining 
Electric discharge machining (EDM) also known as spark erosion machining is a thermal type advanced 
machining process where the material removal takes place by melting and vaporization caused due to series of repeated 
electrical discharges occur between the two electrodes cathode (tool) and anode (workpiece) when a suitable dielectric 
fluid is supplied in the inter-electrode gap (see Fig. 3) 15. Joseph Priestly noticed the phenomenon of material erosion 
by electric spark in 1878, and in 1930 it started using this concept for machining purposes. A Russian scientist 
Lazarenko firstly used electric sparks for the controlled machining operations. 
EDM has been a first choice of manufacturers for near-net shape manufacturing of dies and molds; micro 
parts and features; machining of superalloys, bio-materials and other DTM materials for automobiles, aerospace, 
nuclear, and biomedical applications15,16. 
 
Fig. 3. Working principle of electric discharge machining (EDM) 
The functions of a dielectric fluid in EDM process are manifolds: 
 to act as a medium for the controlled electric discharge to occur; 
 to flush-out the debris and discharge products from the machining zone (inter-electrode gap); 
 to work as quenching medium to absorb and carry away the heat generated by the discharge from 
the tool and work electrodes. 
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Mostly, these dielectric fluids are hydrocarbon-based fluids such as kerosene, synthetic oils, and mineral oils 
etc. The reaction products developed from the dielectric fluid make this process hazardous and environmentally-
unfriendly due to generation of toxic liquid, gases and solid wastes17,18. Synthetic and hydrocarbon oil–based dielectric 
fluids emit fumes and vapors containing polycyclic aromatic hydrocarbons (PAHs), aliphatic hydrocarbons, non-
specific aliphatic hydrocarbons, benzene, vapor of mineral oils, mineral aerosols, fine dust and various other hazardous 
by-products due to decomposition of oils and dissociation of their additives. These hazardous substances and by-
products pollute air, create disposal problems and great cause of risk for the health and safety of the operator. The 
hydrocarbon oil based dielectrics are also a great cause of fire hazard during electric discharge machining operation. 
Overall, the dielectric fluid has significant contribution towards generating the environmental footprints in electric 
discharge machining operation. Furthermore, it is investigated that in EDM, approximately 43 % of environmental 
impact is caused by the dielectric fluids19. 
There have been many innovative techniques developed to address the aforementioned issues and improve 
the sustainable production aspects of EDM process. They are majorly based on utilizing alternate environmentally-
benign dielectric fluids such as vegetable oils and bio-diesel etc.; using dry and near-dry EDM versions with air, water, 
glycerin and their mixtures; employing hybrid variants of EDM such as electric discharge grinding, abrasive assisted 
EDM and magnetic-field assisted EDM etc.; and optimizing process parameters for energy and resource efficient 
EDM. These sustainable innovative techniques developed for EDM are discussed here as under. 
Dry and Near-dry EDM 
Dry and near-dry EDM processes are the sustainable variants of electric discharge machining where gases 
and mists are respectively used as dielectric mediums20,21. Use of these dielectrics ensures tremendous enhancement 
in machining performance and elimination of ecological problems associated with the EDM process. Dry-EDM was 
innovated by National Aeronautics and Space Administration (NASA) in the 1985, where inert gases (argon and 
helium) were used as dielectrics while drilling small holes through EDM process22. Thereafter, Kunieda et al. (1997) 
identified oxygen as an ideal dielectric medium for high performance of EDM 23. 
Since then there has been a series of innovations and continuous developments on use of different dielectric 
mediums and optimizing the dry-EDM process for enhanced performance and ecological benefits. Dry-EDM process 
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involves the use of high velocity gaseous dielectric fluid (such as oxygen, nitrogen, hydrogen and compressed air) 
through the tube-shaped electrode in the machining zone i.e. between the tool electrode and workpiece to be 
machined23-25. On the other hand, near-dry EDM uses liquid-air/gas mixture or mist (at very high pressure) as the 
dielectric medium. Besides its environmentally-friendliness, high productivity and surface quality makes near-dry 
EDM process a promising substitute of conventional electric discharge machining. The two-phase dielectric medium 
ensures stable machining (no debris reattachment due to effective flushing) as compared to conventional EDM and 
dry-EDM. Table 3 enlists various dielectric types used in dry and near-dry EDM processes. 
Table 3. Dielectric mediums used in dry and near-dry EDM26-28 
 Dry EDM Near-dry EDM 
Dielectric type Compressed air/gas Mist 
 
Dielectric name 
Oxygen Water-gas 
(oxygen/helium/nitrogen) 
Argon  Glycerine-air 
 
Helium 
Water-air 
EDM oil-air 
 
Fig. 4 depicts the benefits of dry and near-dry EDM techniques, whereas Table 4 highlights the major 
differences between classical/conventional EDM and dry and near-dry EDM. 
 
Fig. 4. Benefits of dry and near dry EDM24 
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Table 4. Comparison between classical and dry and near-dry versions of electric discharge machining 
Features Classical EDM Dry and near-dry EDM 
Environmental aspects Generation of hazardous gases, 
fumes and wastes 
Clean and green 
Cost concerns High operating cost Low operating cost due to: 
 -negligible cost of tap water and air, and 
gases; 
-no requirement of large quantity of 
dielectric and its handling system i.e. 
circulation and filtration unit. 
 
Efficiency Comparatively less Highly efficient because 
MRR is higher in near-dry EDM; and tool 
wear ratio (relative wear between tool 
electrode and workpiece) is low in both 
dry and near-dry EDM. 
 
Earlier, the productivity of these processes were used to be quite low, by the time, significant efforts have 
been made to increase the efficiency and material removal rate (MRR) of these processes. Since their first exploitation 
to the till date, exceptional research and development has been done that facilitate the machining of DTM materials 
and result in excellent surface finish and integrity, good geometric accuracy, and low environmental footprints at low 
cost. 
Experimental investigations conducted by Dhakar and Dvivedi (2016) on near-dry EDM of high speed steel 
reveals negligible TWR, higher MRR (60% more), and finer surface finish with thinner recast layer compared to 
conventional EDM25. Effective flushing of molten material by high pressure dielectric medium (mist) to avoid 
reattachment of molten material to the machined surface and hence to prevent recast layer formation was identified as 
the key factor behind the better performance of near-dry EDM.  
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The results of a detailed experimental investigation conducted by Kao et al. (2007) where wire-EDM cutting 
and EDM drilling were performed under wet, dry and near-dry conditions reveal superiority of near-dry machining in 
MRR and surface quality26.The mixture of water and air were used as dielectric fluid in near-dry machining that 
ensured effective flushing and eliminated debris deposition. The breakage of wire-electrodes in wire-EDM and 
increased electrode wear in EDM drilling due to high thermal loads placement are some of the shortcomings that 
compromised the achievements. A study conducted by Tao et al. (2008)on dry and near-dry electric discharge milling 
presents obtaining high MRR in dry and fine finish in near-dry EDM27. Air, oxygen, nitrogen, and helium were mixed 
with de-ionized water and kerosene to prepare the die-electric mediums for near-dry process.  Better results were 
achieved at low and high discharge energy parameter settings with copper electrodes than graphite one. Near-dry EDM 
outperformed dry-EDM, with best surface finish value 0.8 µm using water-nitrogen mixture as dielectric. 
A recent research on use of hybrid version of dry and near dry EDM where assistance of magnetic field 
improved MRR (upto 60% improvement) and achieved finer surface finish (due to better expelling of debris) than 
normal near-dry EDM process signifies the development in the field28. In another attempt, Lin et al. (2016) developed 
a hybrid process where a dry EDM is hybridized with AWJM and ultrasonic vibrations (USV)29. Hybrid machining 
was performed on SKD61 steel. Higher MRR than simple dry EDM was obtained and it was highest in case of oxygen 
as dielectric media due to increase in exploding and melting effects. Whereas, finest surface finish and lowest electrode 
wear rate were observed using argon as dielectric media due to prevention of oxidation during the process. Separate 
experiments conducted for dry EDM combined with AWJM and dry EDM with AWJM and ultrasonic vibrations reveal 
the superiority of the latter one. Fig. 5 presents the micrographs with thickness of recast layer obtained in both hybrid 
processes. It is observed that ultrasonic vibrations helped in evacuation of molten material to prevent its redisposition 
and thus thinner recast layer is created than dry EDM with AWJM. 
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Fig. 5 Thickness of recast layer (a) dry EDM with AWJM (b) dry EDM with AWJM and ultrasonic 
vibrations29 
Shen et al. (2016) used a novel approach where dry EDM is combined with arc machining to mill AISI 304 
SS30. Higher MRR, less TWR, and lower surface roughness were claimed by dry hybrid machining when compared 
with normal dry EDM and arc machining.  
Effective flushing of molten material in dry and near-dry EDM is the key to sustainable production. 
Combination and selection of dielectric mediums and electrode materials are some of the aspects require special care 
while implementing these processes for sustainable production. 
Green EDM 
Usage and effect of completely green dielectrics i.e. water, vegetable oils, and bio-diesel etc. as potential 
alternatives to hydrocarbon oil dielectrics in EDM have also been explored by researchers. Their use prevents the fire 
hazards and toxic emissions, and therefore ensures safety, cleanliness, and environment-friendliness. EDM in water 
involves the use of plain/tap water, water mixed with organic compounds, and commercial water-based dielectrics. 
Plain and distilled water31, water with glycerin concentration32-34, and biodiesel and vegetable oil based bio-dielectric 
fluids35-37 are identified superior to conventional hydrocarbon dielectrics during machining of DTM materials that 
resulted in higher MRR and better surface integrity. 
Chen et al., (1999) investigated and compared the effects of kerosene and distilled water as dielectric on 
MRR, electrode (made of copper) wear, and machined surface quality in electric discharge machining of Ti-6Al-4V31. 
Precipitated occurrence due to carbonization in case of kerosene and production of carbon lowered the discharge 
efficiency and resulted in low MRR, high electrode wear, and poor work surface quality. Whereas, stable machining 
(due to release of oxygen and absence of carbon) with higher MRR and lower electrode wear took place in case of 
distilled water as dielectric. A mixture of tap water (75%) and de-ionized water (25%) have also been tried in EDM 
of D2 steel with highest MRR and lowest TWR compared to machining at plain tap water and deionized water alone32. 
In another research, Tang and Du (2014) conducted EDM of Ti-6Al-4V with tap water as dielectric33. Taguchi 
integrated grey relation optimization technique secured optimum machining parameters that exceptionally increased 
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MRR by 87.3% and reduced surface roughness from 2.37 µm to 1.93 µm. Tap water electric discharge machining has 
been identified as harmless, safe, cost-efficient and environmentally- friendly process.  
In a most recent wok, canola and sunflower biodiesels outperformed conventional dielectric for MRR (higher 
than 100%) and tool wear ratio (lower than 20%) during EDM of bulk metallic glass and titanium alloys-Ti6437. 
Canola and sunflower oils are easily available and much cheaper, and can easily be treated to make biodiesels. 
Biodiesel and vegetable oil based bio-dielectrics possess higher viscosity, higher flashpoint, higher oxygen content, 
higher breakdown voltage, and higher biodegradability than hydrocarbon-based EDM oils. The operational feasibility 
of esterified waste vegetable oil and Jatropha curcas oil have been assessed respectively as dielectric fluid for EDM 
process35,36. The aforementioned oils are identified as sustainable alternate to the conventional dielectrics and offer 
cleaner, greener and safer electric discharge machining. 
Investigations also reveal the outperformance of various commercial water based dielectrics (such as 
Elbolub-manufactured by Elotherm, Germany, Vitol QL-manufactured by Sodick, Japan) and Ionorex 500 plus in 
terms of high productivity, environment-friendliness and high efficiency during machining of engineered components 
by EDM38. 
Selection of appropriate mix of tap and de-ionized water, arrangements to protect the machine tool from the 
corrosion occurred due to aqueous solution, and recycling or reconditioning of the used bio-diesels etc. are some of 
the real world challenges behind implementing green EDM processes.  
Hybrid EDM 
Hybridization of electric discharge machining with conventional or other advanced processes brings 
improved productivity (higher MRR) and part quality, especially when machining hard and DTM materials39. Electric 
discharge grinding, electrochemical discharge grinding, electrochemical discharge machining, ultrasonic vibration 
assisted electric discharge machining, abrasive and magnetic field assisted electric discharge machining are some 
important hybrid versions of electric discharge machining. The hybridization facilitates machining as it significantly 
minimizes tool electrode wear, effectively flushes out the debris from the machining zone, and improves the process 
efficiency which further results in enhanced productivity and work surface integrity that eliminates the use of 
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subsequent finishing and/or processing operations and consequently reduces the production cost, energy and resource 
consumption and emissions. This makes hybrid EDM variants as sustainable substitutes of conventional EDM. 
Other important attempts 
Process parameter optimization is yet another strategy that has been implemented to improve the functioning 
and productivity of EDM process along with minimizing the risk of fire and operational health, and cutting down the 
emissions. 
In a detailed study reported by Jose et al. (2010), measurement of aerosol concentration and hazard evaluation 
were carried out after machining steel by EDM under the influence of kerosene as dielectric40. Further, the important 
EDM parameters were optimized to achieve least aerosol particle concentration and energy and dielectric 
consumption41. The peak current was identified as the most significant EDM parameter to affect the performance 
characteristics. 
 Giving considerable importance to the appropriate balance between productivity and environmental 
sustainability of the EDM process, modelling and optimization of EDM process parameters for two sustainable 
parameters (thermal energy consumption and dielectric consumption) and one productivity parameter (tool wear ratio) 
was done by Garg and Lam (2016) using genetic programming technique42. The outputs of this attempt unveil the 
relationship between productivity, sustainability and the input process parameters for the ready use of the industry 
users. Another recent attempt made by Maher et al. (2015) advocates the use of soft computing techniques such as 
adaptive neuro-fuzzy inference system (ANFIS) to simultaneously optimize the productivity, surface quality, and 
energy consumption for sustainable EDM process43.  
 
 
Electrochemical machining 
Electrochemical machining (ECM) is one of the most promising advanced machining processes used to 
machine conductive hard metals with utmost precision and accuracy44. ECM is a reverse of electroplating process and 
based on the laws of electrolysis which were established by Michael Faraday in 1983. Its first significant development 
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occurred in 1958 when L.A. Williams filed a patent on electrolytic shaping44. As shown in Fig.6, in ECM, electrically 
conductive tool (cathode) and workpiece (anode) are connected to a high current, low voltage DC power supply. The 
moving tool which is exact the replica of the shape to be produced is fed towards the work surface. A conductive 
electrolyte is supplied to a small gap between tool and workpiece that causes electrolysis action to take place. The 
controlled anodic dissolution (under the influence of electrolyte circulation in the inter-electrode gap between anode 
workpiece and cathode tool) causes material removal and shape formation in ECM process.  
In spite of offering many advantages such as high productivity, stress-free surfaces, and good surface finish 
etc., ECM suffers from some inherent limitations, namely, formation of passivating oxide layer on work surface, 
problems in flushing of sludge, toxic and corrosive nature of the electrolytes, and high sensitivity of process 
performance to electrolyte characteristics etc.44. 
The following points describe major sustainable concerns for ECM process: 
 The electrolytes such as HCl, H2SO4, HF, and HClO4 solutions used in this process are toxic and 
harmful for the operators working on the machine. 
 These electrolytes damage the machine parts and deteriorate the machine by time. 
 The recycling of the sludge by products is difficult and expensive.  
Developing a safe and green ECM process has always been an important area of research for the researches 
and engineers. Major ways to ensure sustainable production outputs in ECM are utilizing pulsed power, using green 
or environmentally-friendly electrolytes, and process hybridization and optimization. Fig. 7 depicts some techniques 
to reduce the adverse impacts of ECM on environment. 
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Fig. 6. Working principle of electrochemical machining (ECM). 
Some of the efforts towards making ECM process environmentally-friendly are discussed here as under. 
Pulsed-ECM also called PECM is an important variant of electrochemical machining (ECM) where the pulse 
assistance provides the relaxation period to the system during off time to flush the sludge products out of the inter-
electrode gap (IEG) and improves the process capability45,46. The improvements achieved by PECM are comparatively 
higher and thus it can be recognized as a superior environmentally-friendly variant of ECM. 
The use of green electrolyte significantly improves the sustainable production aspects of ECM. Ryu (2015) 
used anhydrous citric acid (C6H8O7) as a green electrolyte in pulsed micro-ECM of stainless steel (SS 304)47. He 
claimed to fabricate the micro-hole, -groove, and complex structures on SS 304 using tungsten micro-wire with 10 
μm diameter at extreme flexibility and precision, and low cost and environmental footprints.  
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Fig. 7. Techniques to reduce impacts of electrochemical machining on environment45 
Based on its sustainable performance in terms of tremendous enhancement in MRR and deposition-free tool 
and high work surface integrity in micro-ECM of SS 304, the mixture of neutral salt and complexing agents are 
identified alternate electrolyte in ECM technology48. The electrolyte which contains 1.0 mol/L NaNO3 and 0.01 mol/L 
sodium citrate (Na3Cit) is selected as optimal constituent based on the best quality hole obtained in SS 304 with least 
deposition on electrode surface (see Fig.8). 
 
Fig. 8 Quality of hole and electrode obtained in ECM of SS 304 under (a) NaNO3+H2SO4 (b) 
NaNO3+Na3Cit (c) NaNO3+NaGlu48 
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An innovative attempt by Yang et al. (2011) encourages the usage of everyday mineral water as an electrolyte 
in ECM49. As reported, the mineral water is a superior substitute of traditional acid and alkaline electrolytes due to its 
totally eco-friendly and non-corrosive nature, and therefore results in green ECM with higher precision and efficiency 
at significantly lower cost. However, sincere future efforts are required to increase the electrical conductivity of 
mineral water. For the sustainable ECM, NaNO3 is also recommended to be used as environmentally friendly 
electrolyte50. 
Hybridization of ECM with other advanced or conventional machining process is also one of the ways to 
make this process overall sustainable (Fig. 9). Significant past attempts have been made to successfully increase the 
localized electrolytic dissolution, flushing efficiency, MRR, and part quality by combining electrochemical machining 
(ECM) with mechanical grinding and honing, electric discharge machining, and by taking the assistance of laser beam, 
ultrasonic vibrations and abrasives51. 
 
Fig. 9. Types of hybrid ECM processes. 
An innovative technique ‘nano-fluid based ECM’ has also been investigated to improve the performance and 
sustainability aspects of ECM52. Nano Copper particles suspended NaCl electrolyte was utilized for ECM of high 
hardened HCHCr die tool steel, and resulted in impressive outcomes in terms of improved MRR and enhanced surface 
finish compared to plain electrolyte based ECM. The nano copper particles improve the electrical conductivity of the 
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electrolyte and break the gas layer at the inter-electrode gap, and therefore help to maintain the uniform current density 
across the inter-electrode gap resulting in improved performance of ECM. 
Hybridization of appropriate variants, optimum combination of process parameters, recycling of green 
electrolyte, and selection of green electrolyte for machining of particular material and shape requirements etc. are 
some of the real world challenges while implementing innovative techniques for sustainable production in 
electrochemical machining (ECM). 
 
Abrasive water jet machining 
Abrasive water jet machining (AWJM) is an important non-conventional machining process and capable to 
precisely machine variety of engineered parts made of metallic and non-metallic materials for industrial, scientific, 
domestic, and bio-medical applications53.This technology was introduced in 1970 in the USA and limitedly used for 
tunnel boring and hydraulic mining etc. The first commercial abrasive water jet machining (AWJM) system for 
machining of various engineering materials was introduced in 1980. As shown in Fig.10, in AWJM, the particles of 
an abrasive material are mixed with and accelerated by a very high velocity stream of water to remove the work 
material. The kinetic energy of high-speed waterjet is transferred to the abrasive particles and the mixture impinges 
on to the workpiece to remove the required amount of material or to form a particular shape/geometry based on the 
principle of mechanical erosion. Aluminum oxide (Al2O3), silicon carbide (SiC), and Garnet etc. are majorly used 
abrasive types in AWJM. Water jet pressure, abrasive mass flow rate, traverse rate, nozzle distance, and types of 
abrasive particles etc. are some of the important parameters of AWJM process. 
Although this process possesses various tangible benefits such as precise machining, high productivity, and 
versatility to cut DTM materials; but a significant portion (approximately 50%) of the operating cost of AWJM goes 
to the buying, feeding, treatment and recycling of abrasive particles54,55. Moreover, in some applications such as food 
processing and bio-medical field, the problem of high contamination of the abrasive particles to the work surface 
arises. This requires sustainable innovations in abrasive water jet machining (AWJM) technology so as to minimize 
its environmental footprints and cost, and simultaneously ensuring the best quality machining. 
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Fig. 10. Working principle of abrasive water jet machining (AWJM). 
Ice-jet machining 
Ice jet machining a sustainable variant of abrasive water jet machining (AWJM) is used for sustainable 
cutting, deburring, finishing, and cleaning. In this process, the frozen water i.e. ice particles substitute the abrasive 
particles to perform machining56,57. This ensures lower cost, contamination-free machining, waste reduction, and 
operator’s safety. The melting and flowing out of the ice particles from the surfaces of the parts being machined are 
beneficial for the application fields such as food, electronic, bio-medical, and optical and space industries where 
strictly no contamination is required. Ice particles at -100 to -1000 C are reasonably hard to penetrate work material to 
perform various cutting, deburring, and cleaning operations. 
A typical ice jet machining system consists of high pressure pumping system; ice producing unit, cutting 
head with mixing chamber, tube and nozzle, and catcher tank. Liquid nitrogen based ice producing unit is the separate 
chamber attached to the system (see Fig. 11). The ice-water slurry supplied to the target surface is the mixture of ice 
particles and pressurized water. 
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Fig. 11. Schematic of an ice jet machining system58 
When the ice particles hit the target surface their kinetic energy is transmitted into the surface and lead to fail 
the bonding forces. After achieving certain hardness and peening pressure of ice particles, machining and finishing of 
fragile, hard or soft parts can be easily achieved. Work material type and thickness, ice particle size and flow rate, 
nozzle diameter, jet angle and pressure; and stand-off distance are the important ice jet machining parameters. 
Ice jet machining technique offers following significant benefits56-58.  
 Good work surface quality; 
 High productivity; 
 No adverse machining effects; 
 No tool re-sharpening and coolant requirements and no toxic fume generation; 
 Low wastages; 
 Energy and resource-efficient. 
This technology has been successfully used for the decontamination of electronic boards, and cleaning of 
compact discs and printed circuit boards58,59. Ice particles of size 0.3-2.5 mm at 20-80 g/min flow rate were 
successfully used by Shishkin et al. (2002) to clean electronic boards, camera parts, watches, computers, and 
calculators60. Pollution and damage-free cleaning of delicate parts is claimed. Wilson (2013) performed sustainable 
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damage-less cleaning of moulds and toolings61. Uhlmann et al. (2014) successfully cut carbon fiber reinforced plastic 
(CFRP) with productivity and quality for aeronautical applications62. In a recent work, Mc Geough (2016) explored 
the use of ice-jet machining for contamination-free cutting of food products63. He observed 40% higher material 
removal through ice-jet compared to the conventional water jet process, and therefore recommended this technology 
for cutting of meats, bones, and soft foods. 
To maintain the high quality of ice with possibly uniform and smooth surfaces and sharp edges; high 
overcooling, and storage are some of the challenges as regards to this innovative sustainable variant of AWJM. 
Ice jet machining is a clean, safe, efficient and environmentally-friendly technology. The avenues of future 
research to make these process more sustainable includes design considerations for mixing chamber and nozzle to 
avoid clogging; investigations on the effect of nozzle diameters, stand-off distance, water pressure, flow rate of ice 
particles on machinability indicators etc.   
Sustainable Abrasive Water Jet Machining 
Several methods depending on the technologies such as magnetic separation, floating, setting of used 
abrasives, and recycling under water flow etc. have been developed for recycling of abrasives in abrasive water jet 
machining (AWJM)64,65. Dong et al. (2014) developed a method of on-line recycling of abrasives in AWJM during 
cleaning of engineered components65. This recycling system could efficiently separate exhausted material and abrasive 
particles. It significantly reduced the cost of air pressure in cleaning system, and decreased the environmental 
pollution, all of which ensured more sustainable and economical abrasive water jet machining (AWJM).  
Besides recycling of abrasives, other several attempts have been made to optimize the performance and 
thereby enhancing the productivity, surface quality and sustainable production aspects of AWJM. Jagadish et al. (2015) 
successfully improved the surface quality of abrasive water jet machined composite material product using soft 
computing approach to enhance the service life66. Liu et al. (2014) successfully improved the surface finish of alumina 
ceramic during abrasive water jet turning67. They obtained precision finish with Ra value of 5.3 µm at machining 
parameters optimized using Box-Benhken integrated Desirability analysis technique. As shown in Fig. 12, the surface 
topography obtained by abrasive water jet turning is at par with that finished by precision grinding technique.  
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Fig. 12 Surface topography of alumina ceramic by abrasive water jet turning at optimum conditions67 
Laser beam machining (LBM) 
The principle concept of LASER (light amplification by stimulated emission of radiation) was originated by 
Albert Einstein in 1917. Thereafter in the 1960, Theodore H. Maiman built first working LASER in the United States 
5. Since then, there has been a continuous development in the field of laser technology that facilitates its use in various 
areas of science, engineering, medicine, food processing, and various other activities. 
Figure 13 illustrates the working principle of laser beam machining (LBM). It is a process where a high 
intensity laser beam is used to rapidly heat the target work surface, subsequently melts and/or vaporizes the target 
material through the full depth to cut the required geometry or shape or to remove the required amount of material68. 
The ‘Laser’ as a massless tool is not subjected to wear and tear, and offers great flexibility. Carbon dioxide lasers, Nd: 
YAG lasers, fiber and ultra-short pulse (femtosecond) lasers are the most common lasers used in machining 
applications.  
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Fig.13. Working principle of laser beam machining (LBM) 
            The major challenges in classical laser beam machining (LBM) are enlisted as follows: 
 great accumulation of heat in work material which results in thermal damage i.e. micro-cracks etc; 
 re-deposition and formation of recast structure; 
 emission of harmful particulates and gases; 
 compromising productivity for quality; and 
 high energy consumption.  
To address these challenges, some important innovations have been made that refers to the development of 
new laser sources, attempts towards energy-efficient laser machining, and laser cutting under wet conditions etc. These 
innovations are briefly discussed here as under. 
 Eco-Laser Beam Machining 
The type of laser source used to generate the laser beam primarily defines the laser cutting system. In past, 
the CO2 laser sources (known as first generation laser sources) were the most extensively used technology for 
industrial applications69. Low efficiency and high environmental footprints were the major limitations with CO2 
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technique. To address this challenge, the second and third generation laser sources i.e. fiber and disk, and direct diode 
(Nd:YAG, ND:glass, ruby etc.) lasers respectively have been developed as the viable alternatives to CO2 laser. The 
comparative study of the performance and energy consumption reveals 50% lower energy demand in fiber and disk 
laser system than CO270. Thereafter, the invention of ultra-short pulse laser has dramatically improved the productivity 
and precision of the laser machining 71. 
Apostolos et al. (2012) studied energy consumption during laser drilling of ST37 mild steel72. They observed 
an increase in energy efficiency factor with increase in laser power and pulse frequency, and recommended their higher 
values for energy efficient machining. Optimization of important laser process parameters have also been done to 
increase the energy efficiency of the LBM process73. 
Underwater Laser Beam Machining 
Underwater laser beam machining (LBM) implies the use of water for maintaining wet conditions during 
melting and vaporization of work material by laser. Besides water, ethanol, methanol, and acetone are also used to 
create wet atmospheric condition for the improved LBM. The literature review reveals that the very first investigation 
on underwater laser machining was done by Ageev in 197574. 
Underwater LBM is of three types, i.e., static mode or stagnated water LBM (i.e. still water with zero flow 
rate), dynamic mode or flowing water LBM, and water-jet assisted LBM14. The static mode LBM refers to keep the 
workpiece fully submerged in water. The water level height from the top surface of the workpiece varies between 0.5-
2 mm depend upon the type of laser and application requirements. In dynamic mode LBM, the distilled water with 
certain flow rate (10–30 ml/s) is used, whereas in water-jet assisted LBM the laser beam, along with water, is 
transmitted to the workpiece through a special cutting head with an aim to flush out the melt debris and prevent re-
deposition. 
Figure 14 presents the schematic representation of all three underwater LBM techniques. The main purposes 
of underwater or water-immersed LBM are12,14: 
 to minimize re-deposition of molten material; 
 to cool the workpiece and reduce thermal damage; 
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 to ensure sustainable and more precise surface quality; 
 to enhance the MRR; and  
 to reduce the emissions of gases and particulates into the atmosphere. 
The underwater laser beam machining (LBM) techniques have been developed for precision and micro-
fabrication of metals, alloys, polymers, glass, silicon, and ceramics. 
 
Fig. 14. Underwater laser beam machining (LBM) (a) Static mode (b) Dynamic mode or overflow (c) water-jet 
assisted underwater12  
Alahmari et al., (2016) and Darwish et al., (2016) achieved burr-free sustainable and fine set of two micro-
channels in an underwater (distilled) laser machining of Inconel 718 superalloy75,76. The laser power influenced the 
taper and the optimum value of laser power obtained is 27.72 Watt. Whereas, laser scan speed was found affecting 
geometric accuracy of micro-channels significantly, and high scan speeds (100-400 mm/s) are recommended. An 
underwater laser micro-milling setup was developed by Wuttisarn et al. (2016) where the laser ablation of Titanium 
alloy sheet was performed underneath the flowing water layer77. A nanosecond pulse laser with 120 ns pulse duration 
and at wavelength of 1064 nm was used. Increased production rates with effective work material removal caused by 
sufficient laser intensity under thin water layer, and high part quality with low heat affected zone due to effective 
flushing and cooling at high water flow rate are reported. A most recent research conducted on underwater overflow 
assisted nano-second pulse laser machining of Titanium alloys has identified high laser power with proper flow 
condition as a key factor to minimize the thermal damage and achieve better part quality78. Mullick et al. (2013) 
developed an innovative water-jet assisted underwater laser cutting process where melting and partial vaporization of 
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the work material AISI 304 is achieved by laser beam and ejection of molten metal by water jet with comparatively 
less turbulence and gas bubbles than that of gas-assisted underwater laser cutting79. But, there was an additional energy 
loss observed due to increase in specific energy caused by heat convection and laser beam scattering. The work 
reported by Yan et al. (2011) demonstrates the potential of CO2 laser underwater machining for smooth and crack-free 
machining of deep cavities in alumina. A comparative study identified much better quality prospects in underwater 
machining than that in air80. Figures 15 shows the difference in the side wall surface of machined groove in air and in 
water, where significant dross formation and recast layer in case of machining of groove in air (Fig. 15a) than water 
(Fig. 15b) can easily be observed. The optimum value of water layer thickness obtained for high quality and MRR 
was 3-4 mm. Furthermore, Fig. 16 presents the micrographs of the CO2 laser underwater machined alumina polygon 
cavities. 
 
Fig. 15 Side wall surface of the groove machined by LBM (a) in air (b) in water80 
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Fig. 16 Micrographs of laser underwater machined polygon cavities including (a) square cavity, (b) circular 
cavity, (c) triangular cavity, (d) pentagon cavity, and (e) prismatic cavity80 
Appropriate combination of laser power and flow conditions is a must to minimize thermal damage in 
underwater LBM. Moreover, the ablation performance can be improved with process optimization. 
Conclusions and Future Scope 
Sustainability issues and developments to address those issues in various non-conventional machining 
processes with state of the art of the work are discussed in this article. The developments are in the form of new 
process variants, process hybridization, using sustainable tools (abrasives etc.) and green transfer media (dielectric-
electrolyte etc.), and optimizing the process parameters. Effective utilization of these innovative techniques is 
recommended to improve the sustainability aspects in non-conventional machining. Overall, it has greatly helped to 
decouple the environment unfriendly factors from non-conventional machining activities, and resulted in significant 
reduction in hazardous wastage and emissions, improvement in product quality and operational health and safety, 
increase in process productivity, and cost and eco-efficiency. Nevertheless, high cost of process hybridization, 
compromise with productivity, general awareness, and requirement of more stringent regulations etc. are still some 
hurdles in achieving overall sustainability in non-conventional machining. Optimum machining parameter settings; 
appropriate combination of dielectric fluid, tools, flow rate; generation and maintaining temperature of ice-particles; 
laser power requirements and setting water flow rate etc. are some of the aspects require special attention. 
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Although developments as discussed in this article has greatly benefited non-conventional machining sector, 
but still there are some sustainability issues required to be addressed particularly to the specific non-conventional 
machining process, such as, in electric discharge machining (EDM)- investigating some more sustainable dielectrics, 
and treatment of erosion slurry; in electrochemical machining (ECM)- prevention of rust, sludge treatment, improved 
filtration, protection from electrolytes and harmful by-products i.e. chromates and nitrates; in abrasive water jet 
machining (AWJM)- developing suitable dust and particle collection system, and restricting abrasive particles to 
embed in the work surface; in laser beam machining (LBM)- treating gases aerosols and particulates generated during 
material heating and vaporization etc. Life cycle analysis to verify and compare the environmental burden of classical 
non-conventional machining specially LBM, ECM, and AWJM, with their sustainable versions could also be an 
avenue for future research.  
Further research and developments are encouraged to improve quality, productivity and sustainability in non-
conventional machining and it is hoped that the developments in non-conventional machining for sustainable 
production could reach even upto the small scale manufacturers across the globe to achieve environment, economic, 
and societal sustainability. 
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